Background: Understanding pathways of genetic information transfer from one generation to another is particularly important when open-pollinated seeds are collected for reforestation or for enrichment of native forests. Nothofagus alpina (Poepp. & Endl.) Oerst. is native to temperate forests of southern Chile and Argentina. However, lack of knowledge of its reproductive biology has hampered its management in forest plantations and conservation of natural populations. Therefore, a clonal seed orchard of N. alpina in southern Chile was used to analyse the mating system and to estimate the number of pollen donors in this species. Methods: The mating system was investigated using manual pollination tests on six clones, open-pollinated seeds were collected from four other clones to study gene flow and paternity analysis was done on progenies using microsatellite genetic markers. Pollen donors were inferred for 194 offspring of four adult trees using five microsatellite loci and an exclusion process. Results: This species is exogamous and largely self-incompatible. The effective number of pollen donors found was 5, which was less than the 19 expected theoretically. Results indicated that pollen flow in the seed orchard is deficient. This could be a result of limitations in the wind-pollination system, coupled with phenological dissynchrony among clones present. Conclusions: N. alpina is an exogamous, highly self-incompatible species. It does not reproduce through agamospermy, since there was no seed formation in the absence of pollen. Only a few trees contributed to the paternity of the progeny evaluated. This finding indicates that there exists a limited gene flow within the orchard due to reproductive isolation among genotypes.
Background
Mating system and gene flow are two mechanisms that allow a population of a species to maintain genetic variation. Such mechanisms facilitate adaptation to potentially changing environmental conditions, both in time and space (Boshier 2000) . These mechanisms define the mode of genetic transmission between generations and govern the distribution of genetic variation not only within and among populations but also in effective population size and in the degree to which populations diverge due to natural selection or genetic drift (Holsinger 2000) .
The term "mating system" refers to the pattern of crossing that a species exhibits to produce offspring; in other words, the manner in which populations of a particular species recombine their genes to create descendants. The type of mating system employed depends on both genetic and environmental factors (Seguí 2010) . Genetic factors include genes that control self-incompatibility, sexual presentation system, reproductive maturity and endogamy depression while environmental factors influence flowering phenology and behaviour of pollinators.
Gene flow refers to all the mechanisms that affect the movement of genes between populations (Slatkin 1994) . Inter-population gene flow is one of the microevolutionary processes that directly affects the diversity and genetic structure of a plant population. Various studies have shown that a lack of effective pollen donors has negative effects on fitness of resulting populations (Dow and Ashley 1998; Burczyk et al. 2004) .
Nothofagus alpina 1 is native to temperate forests of southern Chile and Argentina and has the common name of raulí. This species has attracted the interest of scientists for its ecological importance and of timber producers around the world for the quality of its wood. However, lack of knowledge of its reproductive biology has hampered its management in forest plantations and conservation of natural populations. Therefore, the aim of the current study was to investigate the mating system and gene flow in N. alpina. Reproductive biology studies have been conducted in other Nothofagus species (Riveros et al. 1995) , and these may serve as a useful model for N. alpina.
Seed orchards represent the link between reproductive biology and forestry based on genetic improvement. Seed orchards are expected to behave as panmitic populations, in Hardy-Weinberg equilibrium. They are established with the implicit assumption that desired genes, previously selected through phenotypic evaluation, will be effectively transmitted from the parental population to the offspring. However, some studies (Goto et al. 2002 , Burczyk et al. 2004 , Moriguchi et al. 2004 ) have suggested that this does not always occur. Hence, close examination of efficacy of seed orchards is of critical importance, as these determine genetic quality of future plantation stands.
Understanding how genetic information is transferred from one generation to the next is fundamental to ensuring diversity, particularly so when the intent is to collect open-pollinated seeds for reforestation or for enrichment of native forests. With this as background, our study used molecular markers to analyse the mating system and to calculate quantity of effective N. alpina donors in a clonal seed orchard.
Molecular markers are useful for the study of genetic movement at all levels. At the gene level, they are important for the study of genetic structure and gene flow within and between populations. Many studies have been conducted over the last decade using techniques based on molecular markers to analyse paternity and pollen dispersal (Goto et al. 2002; Burczyk et al. 2004; Moriguchi et al. 2004; Robledo-Arnuncio and Gil 2005; Torimaru et al. 2012; Wang et al. 2012 ).
Methods
The study was conducted at the Huillilemu N. alpina clonal seed orchard, located 65 km from the city of Valdivia in the Los Ríos region of southern Chile (39°32′ 56.57″ S; 73°04′ 18.15″ W). This clonal seed orchard has a high degree of isolation from other native individuals of the same species since the natural distribution range of N. alpina corresponds to the south west of the Andean mountain range of Chile and Argentina. There are no plantations of this species in the area either so the clonal seed orchard also has a high degree of isolation from other planted individuals of the same species. The temperature in this area varies between a mean daily maximum of 23 to 26°C in January (summer) and a mean daily minimum of 2.8 to 2.9°C in July (winter). Annual average precipitation is from 1300 to 1800 mm. Accumulated annual growing degree days (base 7°C) vary between 865 and 1131, depending largely on elevation, and accumulated annual chill hours vary between 2100 and 2400 (Pérez and Ponce 2012) .
This clonal seed orchard was established in 1989 and is composed of N. alpina individuals that originated from a wide elevational range in the Panguipulli area of the Andes (Additional files 1 and 2). All these trees are approximately the same age and height (5-6 m); nevertheless, phenological differences among individuals have been documented (García et al. 2013 ). The orchard is 3.1 ha in size and contains 33 clones, established at 5 × 5 m spacing. The extent of canopy closure is approximately 60%. Clones were obtained by grafting shoots of selected trees onto seedling rootstocks of the same species. The number of trees per clone varies between 1 and 48. These were randomly distributed within the orchard.
Analysis of mating system through manual pollination
Controlled crossing assays were conducted during 2012 season to obtain information on N. alpina reproduction and to compare and complement the information obtained using molecular analyses. For each assay, three to six branches of each selected clone were isolated and labelled, prior to flowering, for later pollination.
Assays were carried out in the Huillilemu seed orchard, following the method described by Ruiz-Zapata and Arroyo (1978) and Riveros et al. (1995) , to determine the presence or absence of autogamy, allogamy and/or agamospermy. A sample consisted of six N. alpina individuals. For each assay, branches containing from 10 to 84 inflorescences were used. These had previously been bagged in the budding phase to prevent natural pollination. Controlled pollinations were done at 1.5-2.0-m height.
Allogamy (C) was evaluated through cross-pollination, by placing fresh pollen from adjacent trees on receptive stigmas (of 11-84 inflorescences per branch). All male flowers had previously been removed from these branches to limit self-pollination.
Autogamia (E) was evaluated by pollinating (10-36 inflorescences per branch) with fresh pollen from flowers of the same tree.
Agamospermy (A) was evaluated in female inflorescences on branches (12-36 female inflorescences per branch), on which male flowers had previously been removed to avoid self-pollination. Female inflorescences had also been previously bagged to avoid pollination by other trees. This isolation was maintained until the beginning of fruit development.
These assays enabled the type of mating system of this species to be determined. The self-incompatibility index was determined from seed/flower ratio resulting from manual self-pollination, divided by seed/flower ratio resulting from manual cross-pollination. Indices greater than 0.2 are deemed to indicate autogamy and genetic self-compatibility, with lower values indicating selfincompatibility (Ruiz-Zapata and Arroyo 1978) .
Variables evaluated in each pollination assay were the percentage of viable seeds produced and percentage of empty seeds. Basic statistics calculated were means, standard deviations and variances. Additionally, a multiple comparison of proportion of seeds/flowers obtained in each treatment was carried out using the nonparametric Kruskal-Wallis test. One fruit is defined here as corresponding to one seed.
Analysis of mating system and gene flow using molecular markers Four clones were selected from among those that flowered in 2011 season, from different locations within the orchard (Additional file 3). Selected trees were similar to base diameter, height, crown diameter and density. Selected trees flowered during period of peak flowering in orchard, so were surrounded by other flowering trees. In the "Map of the Huillilemu clonal seed orchard, 2011" (Additional file 3), the individuals that flowered during the study season are highlighted. A total of 56 trees, corresponding to 19 clones, flowered. In the current study, there were three individuals of clone 38 (5.4%), two individuals of clone 361 (3.6%), and one individual for both clone 34 and clone 40 (1.8%).
Open-pollinated seeds were collected at 1.5-2.0-m height (2-4 ramets per clone). To collect seed, plastic netting (mesh 2 mm) was placed over 30 branches of a range of orientations, prior to fruit dehiscence. All the seed that had collected in nets was removed at the appropriate time, and empty seeds were separated from full ones. Full seeds were taken to a nursery and sown. For DNA extraction and molecular analyses, leaves were collected from the seedlings after 6 months (there were from 46 to 49 seedlings per mother tree). Leaves were also taken from the mother and several possible father trees (i.e. nearby trees that had flowered at the same time).
DNA was extracted from leaves of possible fathers (genotypes that flowered in the season), selected mothers and their associated seedlings, according to the methodology Lodhi et al. (1994) , and this was amplified by PCR (polymerase chain reaction) at five nuclear microsatellite regions (P3′, P5, P12, P23, P33, P34) ( Table 1) . These microsatellites (nSSRs) were developed at the Laboratorio de Biotecnología Silvoagrícola of Universidad Austral de Chile within the framework of FONDEF D10i1149 project.
Amplification was carried out in a final volume of 14 μL with 1.4 ng DNA, 0.28 μM of each primer (except primer P3′ for which 0.42 μM was used), 1.2% PVP, 0.15 mM each dNTP, 1× buffer, 10× PCR buffer, 2.9 mM MgCl 2 and 0.5 U of platinum Taq DNA polymerase.
A volume of 6 μL of PCR product obtained was used to conduct agarose gel electrophoresis (0.5%) to ensure successful amplification, and 4 μL was sent to Dr Hiroshi Takamine of CENEREMA laboratory of Molecular Markers 2 at the Universidad Austral of Chile, where automated capillary electrophoreses was carried out using a Genetic Analyser/Applied Biosystems sequencer. The genotype of each individual was determined from these electropherograms using GeneMarker ® V2.4.2 software (SoftGenetics, USA).
Characterisation of the reproductive system was done by estimating the reproductive parameters: outcrossing rate, rate of uniparental endogamy (self-fertilisation), rate of biparental endogamy (crossing between genetically related individuals) and correlated paternity. The Table 1 Microsatellite regions sequences used in DNA amplification of Nothofagus alpina estimation of reproductive parameters and assignment of parents to evaluated progeny was done using the Colony 2.0 program, based on results obtained from nSSRs (Jones and Wang 2010) .
Estimates of self-fertilisation and biparental inbreeding were performed using different methods: full likelihood and pairwise likelihood score combined (multiple descendants are compared simultaneously), deviation from the Hardy-Weinberg equilibrium for self-fertilisation and biparental inbreeding, and identity disequilibrium for selffertilisation (genetic markers are assumed to be in linkage equilibrium and Hardy-Weinberg equilibrium) (Jones and Wang 2010) .
To carry out the reconstruction of pedigree, we considered the molecular signatures of all possible parents of the progeny, the maternal molecular signature and the molecular signatures of the progenies. The sample was split into three subsamples: an offspring sample, a candidate father sample and a candidate mother sample. Offspring in the three subsamples were categorised as full-sibs (sharing both parents), half-sibs (sharing a single parent) or unrelated (sharing no parents). The candidate father sample comprised all individuals that were potential fathers (trees that flowered during the season). In this case, the mother was known so this genotype was directly entered (Jones and Wang 2010) .
Heterozygosity, observed alleles, effective alleles and genetic diversity were calculated using the Population Genetic Analysis (POPGENE) program, version 1.32 (Yeh et al. 1997 ). The comparison of heterozygosity and genetic diversity estimated for parents and observed in progeny was carried out using the chi-square test.
Results
The manual pollination test results showed a selfincompatibility index (SII) of 0.094. There was adequate seed formation through cross-pollination, and a low percentage of seeds obtained through manual self-pollination. The production of full seeds from manual cross-pollination varied among different trees evaluated, ranging from 0.31 to 0.49 full seeds per flower, whereas the range obtained in individuals that were manually self-pollinated was less than or equal to 5.1% (Table 2) .
Very few clones contributed to fertilisation. Only five of the 19 clones that flowered during the period of study contributed to 193 paternities; both male and female parents were included, since self-fertilisation rates were seen in ranges of 8.16 to 14.89% (Table 3) .
The effective number of fathers of progeny from the given mothers evaluated here varied between two (which corresponds to 10.53% of the total number of trees that flowered during the season) and three (which corresponds to 15.79% of the total number of trees that flowered during the season). In the sample studied, 87.75% of progeny from tree 34 were fertilised by clone 40 (paternal probability >0.99), while the remaining 12.25% was the product of selffertilisation. Two parents were assigned to progeny of tree 38, tree 11 (40.43%) and tree 46 (44.68%); the remaining 14.86% was the product of self-fertilisation (Table 3) .
This paternity designation gave rise to progenies constituted by half-siblings and full-siblings (including siblings resulting from self-fertilisation). Accordingly, most descendants were full-siblings for three of the four mothers evaluated (Fig. 1) . Rates of correlated paternities were greater than 0.70 in three of the progeny evaluated, with an average of 0.66 for the species, under conditions evaluated (Fig. 1, Table 3 ).
Values obtained by full likelihood (FL) and combined pairwise likelihood score (PLS) and deviation from the Hardy-Weinberg equilibrium (DHW) for selfing (S) were similar among clones and similar to the sample average, i.e. between 10.64 and 16.33% for FL-PLS and between 12.33 and 15.86% for DHW. However, there is a discrepancy in these values compared with those obtained through identity disequilibrium (ID), where values of selfing between 0 and 9% were obtained. The average biparental endogamy (E) was calculated to be 7.21%, varying between 5.62 and 8.89% with FL-PLS and between 6.57 and 8.62% with DHW (Table 4) .
The observed heterozygosity (Ho) in clones flowering during the 2011 season averaged 0.73 (Table 5 ). It was between 0.60 and 0.69 Ho ¼ 0:64 À Á for open-pollinated progeny; that is, it decreased by as much as 12.3% for the adult trees that were evaluated. Both the average number of alleles found (6) and effective allele number (3) were lower in the progeny evaluated compared with the values calculated for the 19 adults (eight and five alleles, respectively) that flowered. The genetic diversity in progeny was estimated to be 0.67, i.e. 16.25% lower than the genetic diversity of adult trees (which was calculated to be 0.80).
When analysing the progenies together, the values of genetic diversity, observed heterozygosity and number of effective alleles were smaller compared with the values of possible parents, but higher than when analysing the individual progenies (Table 5 ).
Discussion
N. alpina is a species that exhibits a high degree of self-incompatibility (SII = 0.094), but it does allow a degree of self-fertilisation. This characteristic has been described previously for other species of the genus Nothofagus (Riveros et al. 1995; Torres and Puntieri 2013) and also for some other species less closely related (Yacine and Bouras 1997) . In the mating system of N. alpina, protandry encourages cross-pollination (García et al. 2013) , despite hermaphroditism. Also in N. alpina, there is a spatial separation of male and female flowers, with male flowers at basal axil of the shoot and female flowers at apical axil (Puntieri et al. 2009; García et al. 2013) .
It has generally been assumed that temporal and spatial separation of genders in Nothofagus species prevents selffertilisation (Riveros et al. 1995; Donoso et al. 2006) . Although, according to our results, cross-fertilisation predominates, it has also been noted that these barriers are not enough to prevent self-fertilisation, resulting in a proportion of progeny that are the product of selffertilisation. Moreover, García et al. (2013) reported a temporal overlap between the opening of male and female flowers on an individual tree, which could result in selffertilisation. This interpretation has been corroborated by Torres and Puntieri (2013) based on similarities between N. alpina and N. obliqua.
Torres and Puntieri (2013) reported a high degree of self-incompatibility in N. alpina based on low production of full seeds and a low percentage of pollen grains germinating on stigmas following manual selffertilisation. However, the few seeds obtained through self-pollination germinated and produced seedlings just as efficiently as those resulting from cross-pollination. Based on this result, the self-incompatibility barrier seems to be pre-zygotic, since pollen is rejected on stigmatic surface. The low production of full seeds obtained following self-pollination is likely a result of the low number of pollen grains germinating The paternity of progeny (as determined using microsatellite markers) resulting from open pollination indicates that there was a greater degree of self-fertilisation in this seed orchard than reported in previous studies with other Nothofagus species. Self-fertilisation was even greater than expected from manual pollination assays in current study. This estimate of selfing rate might have been inflated by undetected biparental endogamy, present in N. alpina, as in many other populations that exhibit partial selffertilisation. This issue can result in an overestimation of self-fertilisation, since it has a similar effect on homozygosity of this parameter .
In our N. alpina seed orchard, differences among trees in reproductive phenophases limits cross-pollination. Added to this effect is the high degree of temporal overlap of male and female flowers in an individual tree (García et al. 2013) , which could result in higher numbers than expected of self-pollen accumulating on stigmas relative to cross-pollen in natural population. Following this line of reasoning, it is possible that that cross-pollination is more common in a natural forest with better synchronisation of flowering among individuals, and hence better pollen flow, than in our seed orchard. However, the selfing rates are not high enough to raise concerns about inbreeding, and the selfing rates could be lowered by collecting seed from genotypes with high self-incompatibility. Furthermore, research on Eucalyptus globulus Labill. has shown that the selfing rate can be lower in the upper parts of the canopy (Patterson et al. 2004) .
The source data show that clones 38 and 11, and also 361 and 34 (mothers and fathers, respectively), were obtained from trees growing relatively close (altitudinally 80 and 130 m, respectively) to each other in a mountain forests (Additional file 2). This natural proximity may indicate that gene flow exists between nearby trees and that this natural pattern also occurs in the seed orchard. However, no source data are available for tree 40, which was found to be a mother tree and was also assigned as a father tree for progeny of tree 34. Hence, data available here are too limited to confirm this suggestion, but García et al. (2013) found that a strong overlap of reproductive phenophases occurred between trees sourced from areas experiencing similar conditions of elevation, soil, rainfall, etc. These results are also in agreement with those of Premoli and Mathiasen (2011) who found that phenological differences observed at various elevations, reinforced by diversifying selection, could explain reproductive isolation between adjacent populations. This pattern of crossing could offer an evolutionary advantage of maintaining important characteristics for adaptation to different soil and weather conditions in the wide range of elevations where this species is naturally distributed. According to Futuyma (1998) and Eguiarte (2009) , knowledge of gene flow is fundamental to understanding the degree to which different populations of a species function as independent evolutionary units and thus determining if a species evolves randomly (by genetic drift) or if it responds in an adaptive manner (by natural selection).
Genetic variation in forest species is well known in relation to a wide geographical distribution and associated differences in environment (Alía et al. 2003) . In the case of the seed orchard studied here (which has a limited pollen flow), it is important that crossings be properly planned so as to conserve dispersive processes and hence outcrossing. Such planning is fundamental if loss of variability in small populations is to be avoided.
The number of effective pollen donors (Nep) for individuals evaluated in seed orchard was less than the number expected theoretically. In other seed-orchard studies, where deviations in panmixia have also been established, effective pollination patterns have been attributed to factors such as genetic distances between clones, variations in pollen produced and phenological synchrony between clones (Goto et al. 2002; Moriguchi et al. 2004 ). Nevertheless, the number of effective pollen donors detected in this study (Nep 2-3) was less than that registered in seed orchards of other species. For example, in the related species Quercus macrocarpa Michx in a plot within the McHenry County farm near Harvard, IL, Dow and Ashley (1996) evaluated 62 adults and 100 seedlings and determined that only four of these 62 trees were fathers of about 75 of seedlings. This trend has also been shown for anemophilous gymnosperms, such as Pseudotsuga menziesii (Mirb.) Franco (Nep 5.7-11.0, Burczyk and Prat 1997) , Picea abies (L.) H.Karst. (Nep 6.7, Burczyk et al. 2004) and Pinus sylvestris L. (Nep 12.2, Torimaru et al. 2012) .
The limited gene flow observed in the seed orchard in this study is supported by García et al. (2013) Correlated paternity is the proportion of siblings to half siblings phenological data to calculate a very low general index of overlap (0.22) among various individuals. These authors also explained the existence of individuals that have a greater probability of crossing, such as trees 38 and 11 (0.60), which were also analysed in current study (tree 38 as a mother, with 40.43% of its progeny having tree 11 as the male parent).
who used
Estimated rates of paternity correlation indicate that progeny of open pollination from different mother trees present a high proportion of full-siblings x ¼ 0:70 ð Þ. This means that seeds produced by one tree originate from a small reproductive population, with pollen originating from only a few parents (varying from 2 to 3). This will result in progeny having different degrees of a b c d Fig. 1 Assignment of sisterhood among progenies of four mother trees using the Colony program (version 2.0.5.0) (Jones and Wang (2010) ). Panel a corresponds to mother 34, panel b to mother 38, panel c to mother 40 and panel d to mother 361. Each progeny was numbered from H1 to H50, placing the code of mother before the letter M.
kinship, such as half siblings, full-siblings and siblings of self-fertilisation. Streiff et al. (1999) conducted paternity studies in Quercus suber L. and Quercus petraea (Matt.) Liebl. and determined an excess of close crossings and a preferred pollination direction in seven of the 13 progeny examined. Their study was conducted in naturally regenerated lots, sample trees were 120 years old and microsatellites were used for paternity analysis.
Crossings between closely related individuals must be considered a mate-selection strategy for conserving characteristics that will allow tree adaptation within microclimates. This theory supports the concept that it is crucial to study of mating systems of a species, its phenological behaviour and efficient fertilisation before initiating activities related to establishment of conservation lots, seed banks and seed orchards. Otherwise, individuals used may become reproductively isolated.
Seed orchards are usually established to supply genetically improved material for breeding individuals that have been selected for their phenotypes. However, seed obtained from these orchards can be considered better than seed from unimproved populations only if the crossing between superior trees within the seed orchard is efficacious, that is, if seed production from breeding represents an ideal situation in which all clones contribute equally to generation of seeds. According to this study, equal contribution of all clones to the seed produced does not occur. Instead, seedling progeny represent only a small proportion of possible crosses within seed orchard. This is very far from the ideal of panmixia. It is likely due to phenological differences and other types of incompatibilities among individuals. Understanding genetic variation and the mating system of N. alpina in seed-orchard management will allow better planning for controlled crossings in a second phase of a breeding programme.
Numerous studies in coniferous seed orchards have shown a similar trend, which has been attributed mainly to among-parent variation in fecundity and phenology (Jonsson et al. 1976; Gömöry et al. 2003; Mariette et al. 2007 ). More tests on these "plus" trees in clonal plantations have resulted in selection of a number of clone cultivars selected for their adaptation to various soil and climate situations, growth patterns, shape and resistance to disease.
Conclusions
N. alpina is an exogamous species that exhibits a high degree of self-incompatibility, but it does allow a low degree of self-fertilisation. This species does not reproduce through agamospermy, since there was no seed formation in the absence of male gametes. Only a few trees contributed to the paternity of the progeny evaluated. This indicates that there exists a limited gene flow 
